Computers and Structures, 84 (28) 
Introduction
The main objective of Bridge Weigh-in-Motion (B-WIM) systems is to obtain heavy vehicle weight and classification data using portable technology. This is achieved by first identifying axle passages at two points and hence vehicle velocity and axle spacing. Conventional algorithms can then be used to determine axle and gross vehicle weights. The original algorithm of Moses [1] and variations thereon have been tried and tested in numerous applications [2] [3] [4] [5] . In conventional The concept of a Nothing-On-Road (NOR) B-WIM system, in which only transducers placed beneath the bridge are used to identify axles, is a recent one. A NOR system causes minimal disturbance to normal traffic flow and greatly increases the safety, durability and hence the cost-effectiveness of the installation. However, NOR is only possible if axle locations can be identified in the strain signal, a problem which is the primary focus of this paper.
OBrien & Žnidarič [5] and OBrien et al. [6] demonstrated the effectiveness of NOR B-WIM using orthotropic bridge decks. Orthotropic bridge decks are made from stiffened steel and are generally of low stiffness exhibiting pronounced strain 4 responses to each axle passage. An optimisation algorithm was developed to identify the axle positions from the slope of the strain response. In field tests, the system demonstrated between Class D+ (20) and C(15) accuracy [7, 8] , depending on the complexity of the algorithm used. These accuracy classes correspond to confidence interval widths of ±20% and ±15% respectively for errors in gross weight. The optimisation algorithm was based on the minimisation of the sum of squares of the differences between the strain responses in two successive spans. This is facilitated by near-identical strain responses in the two spans, which does not apply for two locations in a single span bridge. Further, the strain signature does not show the effect of individual axles as clearly in deeper concrete bridges where there is a greater load dispersion.
In the present study, the strain signals obtained from a numerical model and Considerable research has been carried out to develop wavelet functions with specific characteristics to suit different purposes [9] [10] [11] [12] [13] [14] . Wavelet analysis can be used to provide an enhanced time-frequency resolution desirable for several applications. It can be effectively used to generate random processes and fields [15, 16] , simulate earthquake ground motions [17] , predict seismic response of storage tanks [18, 19] , solve partial differential equations [20] , and identify damping in multi-degree-of-freedom systems based on time-scale decomposition 6 [21] and characterise the nonlinear systems [22] . A new representation scheme for random fields based upon the projection onto a biorthogonal wavelet basis was developed [23] . It was shown that biorthogonal processes achieved better decorrelation owing to the fact that fewer filter coefficients were needed to maintain the same support of basis functions when compared to the Daubechies family.
In the present study, CWT has been used for signal processing. The CWT is defined by
which is a function of two variables, s and τ. representing the scale and the time factors respectively. These variables s and τ belong to the set of all integers. The inverse CWT is defined as
where f(t) denotes the signal as a function of time, wavelet. The scale factor is the inverse of the frequency. Thus, the wavelets are generated from the single basic wavelet, i.e., mother wavelet, by scaling and translation parameters. The expression for the mother wavelet is given by
in which, the term The most important properties are the admissibility and regularity conditions. The admissibility criterion is: 
which means that wavelets must have a band-pass like spectrum. This is very important to develop an efficient wavelet transform. The regularity conditions imply that the wavelet functions should have some smoothness and concentration in both time and frequency domains.
Application of wavelets to NOR problems
The CWT cannot be practically computed as it contains an integral (Eq. 
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The wavelet is clearly highly effective at distinguishing the influence of the axle passing the sensor from the effects of vehicle and bridge vibration. However, a numerically generated signal such as this has very "sharp corners" in the static signal superimposed on the vibrational effects. The wavelet is clearly very effective at amplifying such slope discontinuities in the signal. Discontinuities of this type are not present in strains measured in typical concrete bridges due to dispersal of the wheel loads through the depth of the deck.
Wavelet analysis of experimental results
Experiments were conducted on the 6 m long Ravbarkomanda box culvert in For the purpose of the wavelet-based analysis, only the signals recorded at the two off-centre sensors (channels 5 and 12) are considered in this paper. Twenty one vehicle runs are considered, as described in Table 2 . The first five are chosen arbitrarily for calibration and the remaining sixteen for testing. Using the measured lengths between axles in the five calibration trucks, the peaks between the transformed signals are used to find the effective length between channels 5 and 12; it is found to be 3.942 m. This is used for the remaining 16 trucks, to convert the time between transformed signal peaks into speeds and axle spacings.
The calculated spacings and the differences between these and the manually measured spacings are presented in Table 3 . due to some localized disturbance. However, these ripples or the broad banded peak do not form major spectral components of the signal as it is evident from their low amplitude.
As it has the greatest error in axle spacing, vehicle no. 15 is considered in greater detail. The original and transformed signals at sensor 12 are illustrated in figure 8 .
The wavelet transformed signal corresponds to the scale 16. While the peak in the original signal corresponding to the fifth axle is indistinct, there are clear peaks for the first four axles. Hence, the axle spacing which gives the greatest error in Table   3 -2 nd to 3 rd -can be determined directly from the original signal. It is found that the location of the peaks in this original signal does not differ by more than two scans from those in the transformed signal. Hence, the peak that is the main source of error in axle spacing is present in the original signal. In general for all signals, the peaks in the transformed signal correspond exactly or to within one or two scans of the original signal. Thus, where there are significant inaccuracies in the results, they are not the result of the transformation. Possible explanations for the inaccuracies are measurement errors on site or errors in the original signal.
Moreover, the axle locations in the original signal correspond to peaks in the transformed signal quite accurately. However in order to have the same number of peaks in the wavelet transformed signal as the number of axles, the scale has to be chosen properly after a number of trials so that the actual peaks corresponding to the axles become predominant over other small amplitude peaks.
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The experimental results have also been analysed using the wavelets belonging to 
Conclusions
In this paper, an attempt has been made to analyse strain signals from the soffit of a bridge to detect the passage of vehicle axles overhead. Strain data series generated numerically and collected experimentally are processed using a reverse biorthogonal wavelet, rbio2.4. Signals obtained from numerical simulation of a walking beam model are processed using a wavelet based analysis. Even for a difficult signal with a high level of dynamics, there is very close agreement between calculated and assumed vehicle velocities and axle spacings.
Experimental data from twenty one trucks with measured axle spacings is also processed. The wavelet approach (using rbio2.4) is highly effective at identifying the presence of an axle and in all cases, it transforms the signal into one in which axles can be clearly identified. Using the first five trucks for calibration, reasonably accurate axle spacings are found for 42 of 47 measurements.
Significant errors remain in a few cases. It is reported that, for the latter examples, peaks are present in the wrong locations in the original data and are not a result of the wavelet transformation. 
